Abstract. Human immunodeficiency virus/tuberculosis (HIV/TB) coinfection is particularly prevalent in South Africa, where TB has been the leading cause of death for more than a decade. The 2004-2008 national rollout of antiretroviral therapy (ART) provides a unique opportunity to examine the population-level impact of ART on the TB epidemic. We performed longitudinal regression analysis to follow the evolution of TB outcomes before and after the introduction of ART using a large data set from the National Health Laboratory Service. This is the first study to produce estimates of the impact of the ART rollout by exploiting staggered timing and geographic variation in the rollout. After ART became available in a health facility, 3.7% (P < 0.0001) more patients were tested for TB and 3.2% (P < 0.0001) more received repeat testing; however, there was a steep rise in testing before the introduction of ART. Although the number of TB-positive patients increased by 4.3% (P = 0.0002) in the first year post-ART, the TB rate among tested patients fell by 2 percentage points (8%, P = 0.001) after 2 years. Sputum smear testing declined relative to more technologically advanced diagnostics post-ART. Antiretroviral therapy availability increased the attention to TB screening and drew new patients into the health-care system. Small increases in the numbers of repeat patients are indicative of retention in care. The decline in TB rates post-ART suggests that the reduction in TB risk due to improved immune functioning and health-care contact likely outweighed the increased TB risk because of the longer lifespan of ART initiators.
INTRODUCTION
The human immunodeficiency virus/acquired immune deficiency syndrome (HIV/AIDS) epidemic has largely fueled the resurgence of tuberculosis (TB) in sub-Saharan Africa. The relative risk of TB doubles in the first year after HIV infection and continues to rise as CD4 counts drop, 1 reaching rates 20-to 37-fold higher than in those without HIV. 2 Coinfection is particularly prevalent in South Africa, where coinfected patients make up 59% of TB cases compared with the 13% global average. 3 Tuberculosis has been the leading cause of death in South Africa for more than a decade 4 and is the leading cause of death among AIDS patients. 2 In 2010, TB accounted for 11.6% of deaths in South Africa compared with 3.4% for HIV alone and HIV/TB coinfection (nineth largest cause of death). 4 Today, South Africa has the highest TB incidence rate in the world, with a rate of 781 per 100,000 population compared with the global average of 140. 3 Because HIV/AIDS drives the TB epidemic, investments in care for HIV/AIDS patients, such as antiretroviral therapy (ART), are likely to have significant positive spillovers to TB outcomes. The first phase of the national rollout of ART in South Africa between 2004 and 2008 provides a unique opportunity to examine the population-level impact of ART on the TB epidemic. During this period, more than US$1 billion was spent on the rollout, ART was introduced at approximately 400 health facilities, and more than 500,000 patients were enrolled on ART. This program, which dwarfed previous investments in TB care such as TB-DOTS, increased adult life expectancy by 11.3 years. 5 This study estimates the impact of ART on TB and is only the second study to capture the benefits of ART investment on TB outcomes at the national level. 6 We perform a longitudinal analysis that follows the evolution of TB outcomes for patients in health facilities before and after the introduction of ART in that facility using a large data set from the National Health Laboratory Service (NHLS), which includes TB test results from virtually all public health facilities in South Africa. We examine the impact of ART on TB testing patterns, the TB incidence rate among those tested, and the composition of patients tested.
This is the first study to estimate the impact of ART on the population by simultaneously applying three methods to address a comprehensive set of measured and unmeasured confounding factors. It is also the second study to estimate national-level spillover effects of ART on TB incidence for those who were not accessing ART, including both HIVpositive and HIV-negative individuals. We 1) exploit the staggered timing and geographic variation in the ART rollout around the country, 2) use facility-level longitudinal data to account for trends before the availability of ART, and 3) apply facility-level controls (multilevel analysis) to further control for time-invariant facility-level confounders. The staggered timing and geographic variation in ART comes from the National Department of Health (DOH) accreditation process, which required on-site evaluations and was, therefore, the main bottleneck in determining the sequence and pace of the ART rollout. The accreditation process focused on ensuring the equitable geographic distribution of ART facilities, which resulted in a rollout pattern that McLaren found was statistically uncorrelated with many of the potential confounding factors in this analysis, including population wealth, HIV prevalence, and local political power. 7 Our methodology minimizes concerns about confounders because potential confounding factors would need to be correlated with both the sequence and the timing of the 4-year staggered rollout pattern of ART at more than 400 facilities around the country to bias our estimates. We know of no other contemporaneous national program or new technology that meets these stringent requirements to confound the estimates from our approach.
Understanding the impact of ART on TB is essential to inform the optimal design of new HIV/AIDS and TB policies and determine the necessary level of HIV/TB coordination that will maximize potential spillovers and reduce mortality from both diseases.
LITERATURE REVIEW AND HYPOTHESES
The literature identifies five potential effects of widespread ART availability on TB outcomes that can be evaluated with the NHLS data. This section presents an overview of this literature and the five hypotheses that structure our analysis. Local availability of ART will likely increase the numbers of HIV-infected individuals seeking medical care, especially those at later stages of AIDS, thereby increasing opportunities for diagnosis and treatment of TB. [8] [9] [10] [11] We predict that there will be an increase in TB testing in the period after facility accreditation (Hypothesis 1). Furthermore, though national TB treatment guidelines recommend follow-up TB tests for smear-positive patients at 2 and 5 months after the initial test, patient retention in South Africa is generally below the World Health Organization (WHO) target. 12, 13 Antiretroviral therapy implies lifelong clinical involvement, which provides incentives and opportunities for ongoing TB testing and improved follow-up care. 14 We, therefore, expect to see an increase in the number of repeat TB testing visits after a facility receives accreditation for ART in addition to a rise in overall testing (Hypothesis 2).
Studies have demonstrated that ART access reduces infection risk among HIV-infected individuals, increases TB identification and treatment, decreases transmission and, thereby, reduces the incidence of TB in the population. [14] [15] [16] [17] [18] [19] One study found that nearly 20% of ART initiators in South Africa during this period had undiagnosed TB. 20 The effect of ART on a TB epidemic has been shown to lag the introduction of ART by between 2 and 5 years. 6, 21 Reduced TB mortality in coinfected patients and the increase in TB infectiousness that accompanies the immune system recovery of coinfected ART patients may limit, but not necessarily outweigh, the forces that reduce TB in the population. 22, 23 We hypothesize that ART access would initially lead to an increase in the detection of TB cases but over time would reduce TB incidence in the population (Hypothesis 3).
The ART rollout was made possible by approximately $1.2 billion in additional funding. 24 These increased health-care resources likely led to increased access to new laboratory resources and a greater use of more expensive, resourceintensive tests, net of other changes in TB testing technology, such as MDRTBplus (Hain Lifescience, Nehren, Germany) and GeneXpert MTB/RIF (Cepheid, Sunnyvale, CA). More resourceintensive tests are both more effective diagnostic tests for TB and more appropriate for HIV-positive patients, which would improve the accuracy of TB diagnosis and reduce loss to follow-up before treatment initiation. We therefore expect to see increased testing with TB culture, polymerase chain reaction (PCR) test, and GeneXpert MTB/RIF after a facility begins providing ART (Hypothesis 4).
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The ART-seeking population in South Africa was approximately 79% female and had a lower average age than the TB patient population before the ART rollout. 26 Finally, we hypothesize that as more ART patients are tested for TB at a facility, the demographic composition of the population tested for TB will have a higher proportion of women and a lower average age than before the rollout (Hypothesis 5).
MATERIALS AND METHODS
Sources of data. We extracted data from the NHLS database on every TB test performed on patients aged 16-64 in public health facilities for the period January 2003-December 2011 that fell within 2.5 years before or after the date of ART availability in each facility. This resulted in a sample of 10,544,350 unique patients at 4,697 facilities around the country, 429 of which were accredited to provide ART during the study period. Patient records were linked over time using patient identification numbers created by the NHLS using their proprietary linking algorithm based on patient name and other identifying information. The laboratory database records of TB diagnostic tests include information on the date, type of test performed, test result, testing facility location, and basic patient demographics. The NHLS data cover virtually all public health facilities in South Africa for this period, with the exception of KwaZulu-Natal Province, which was excluded because of data limitations.
We split the data into 3-month periods (quarters of the year) and aggregated specimen records by patient, then patient records by facility to examine facility-specific trends over time before and after the specific date that the particular facility was accredited to provide ART. This resulted in a sample size of 10,039 facility-by-quarter patient-count data points used to address all our hypotheses.
Tuberculosis-positive cases were based on the presence of at least one positive result from smear microscopy, TB culture, PCR test, or GeneXpert MTB/RIF. For smear microscopy, we considered scanty positives of three or more acid-fast bacilli per 100 immersion fields as TB-positive based on the cutoff value used in practice. For the gender analysis (Hypothesis 5), we excluded 270,573 records (1.02% of the sample) that were missing gender data before aggregating into the 10,039 facilityby-quarter data points. Repeat visits were defined as occurring at least one-quarter (91 days) after the initial date a patient was tested for TB and, therefore, include standard 5-month monitoring testing and other repeat TB testing visits. The National DOH provided dates when ART became available at each facility. Ethics approval was obtained from the University of Michigan Institutional Review Board and the University of Cape Town Faculty Ethics in Research Committee in South Africa.
Statistical analysis. We performed the following linear regression to capture the evolution of outcomes for 10 quarters (2.5 years) before and after the date when ART became available at the facility: (1) where Y it is the TB-related outcome for facility i in quarter t corresponding to each of our five hypotheses: number of TB tests, number of repeat patients, proportion of tests that were positive, proportion of tests by diagnostic test, and proportion of tests performed on females. β 0 is the constant that captures the sample average, + 10 t=1 δ it is the set of indicator variables that capture the time pattern of outcomes for the 10 quarters before ART availability, and + 10 t = 1 γ it is the set of indicator variables for the 10 quarters after ART. The set of α i facilitylevel fixed effects (facility indicator variables) control for potentially confounding unobserved (unmeasured) timeinvariant facility characteristics such as location, size, or socioeconomic status of the patient catchment area. Non-ART facilities were included to calculate nationally representative sample averages and control for time and geographic trends (year and province). Standard errors were clustered by facility.
All analysis was performed in Stata 13 (StataCorp, College Station, TX).
RESULTS
Hypothesis 1: Widespread availability of ART will create the opportunity to bring more HIV-infected individuals into medical care, thereby, increasing TB diagnosis and treatment.
More patients were tested for TB 9 months after ART became available in a health facility relative to the date when ART became available in the facility (x axis, time = 0) ( Figure 1 ). Nine months (three quarters) after ART became available in a facility there was a small but statistically significant 3.7% (35 patients, confidence interval [CI]: 21-50, P < 0.0001) increase in the quarterly number of patients tested for TB relative to the rate of 953 patients per quarter at the introduction of ART (-x-), and this rate remained steady through the end of the study period. Comparing the sample of hospitals-only (-•-) with the sample of clinics-only (-¤-) shows that the steep increase in patients tested in the year before ART availability was driven mainly by increased TB testing in district hospitals after the rollout was announced but before they were accredited to provide ART. The clinic sample shows little evidence of a pre-trend but a clear trend break at t = 0 when the number of patients increased at a greater rate.
Hypothesis 2: ART implies a longer lifespan and lifelong clinical involvement, which will allow for increased repeat TB testing opportunities.
We found a small increase in the number of repeat TB testing visits, defined as those occurring more than 90 days from the initial testing visit, which is consistent with the ART rollout resulting in somewhat better ongoing TB monitoring and patient retention (Figure 1 ). Tuberculosis tests among repeat patients rose by 3.2% (14 patients, CI: 8-19, P < 0.0001) from the rate of 42 patients per quarter in the first year post-ART.
Hypothesis 3: ART availability will lower the incidence of TB in the population.
As the number of TB patients increased with the availability of ART, there was a concomitant 4.3% increase in the number of TB-positive patients tested per quarter in the first year post-ART off the rate of 215 patients per quarter (nine patients, CI: 4-14, P = 0.0002) on average, although it declined somewhat in the following year (Figure 2) . Figure 3 shows that the TB rate THE IMPACT OF AIDS TREATMENT ON TB among tested patients was fairly stable within 0.5% points of the facility average of 24% from 1 year before facility accreditation until 1.5 years after ART becomes available. Subsequently, the TB-positive rate among tested patients declined steadily in the post-ART period, falling to 22% after 2 years (CI: 21-23, P = 0.001). These patterns are most evident in the sample of new patients, so the effect is not driven by repeat patients. For TB testing of repeat patients, the steep pre-ART decline in the rate of TB-positive tests per patient leveled off slightly just after ART is introduced in a facility (Figure 3) . The estimated TB rate among repeat patients fell by 1 percentage point in the first quarter after ART introduction in an apparent continuation of the pre-period trend, but then stayed approximately level until 1.5 years post-ART when it began to decline again.
Hypothesis 4: Health care resources associated with the ART rollout will lead to increased use of higher technology diagnostic tests for TB.
Before ART availability, the proportion of patients with at least one sputum smear test rose, whereas the proportion having had at least one culture test fell (Figure 4) . However, when ART was introduced, this pattern reversed and the proportion of patients with culture tests rose over time. In the year post-ART, 76% of tests were sputum smear (CI: 74.5-77.9, P = 0.0013), 20.8% were culture (CI: 21.4-24.2, P = 0.0027) compared with 79% and 19%, respectively at t = 0. More expensive tests (GeneXpert MTB/RIF, PCR, and line probe) that may be faster and/or more accurate than smear or culture tests made up the remaining 3.2% of the sample and also increased in the post-ART period. The results are similar when we exclude 2011 from our analysis because the latest accreditation time in our sample, August 2008, predates the introduction of GeneXpert MTB/RIF.
Hypothesis 5:
The demographics of the TB-tested population will more closely resemble the HIV+ population as more patients seek ART enrollment.
The proportion of patients tested for TB that are female exhibited a slight upward trend before the availability of ART and leveled off at 52%; however, there were no differences around the time of ART introduction ( Figure 5 ). The fraction of new patients between the ages of 30-40 increased slightly post-ART, whereas the fraction between the ages of 20-30 decreased (results not shown). However, the overall average age of new patients remained constant at 38 years.
DISCUSSION
Our results are consistent with ART availability increasing attention to TB screening and drawing new patients into the health-care system. Tuberculosis screening remained approximately level for 2 years after a facility was accredited to provide ART because HIV+ patients continue to have an elevated risk for TB even after ART initiation. The unique methodology exploiting the staggered rollout of ART, accounting for pre-period trends and including facility-level controls, increases confidence that the observed results are driven by the ART rollout rather than potential confounders. We know of no other contemporaneous program or new technology that meets the stringent requirements to confound our estimates from this approach. Hain-MDRTBPlus line probe assay was introduced following the WHO policy statement in June 2008, after the vast majority of facilities were ART accredited. 27 It is, therefore, highly unlikely to confound estimates in the first year following t = 0. GeneXpert MTB/RIF rollout began in 2011 and only falls within the 2.5-year postaccreditation analysis window for very few facilities accredited late in the process. With access to ART, individuals with HIV have a longer lifespan (but still an elevated risk of TB) and are required to visit facilities on a regular basis for follow-up HIV/AIDS care. Small observed increases in the numbers of repeat patients are indicative of this retention in care and likely reflect an increase both in screening for TB and monitoring of TB cases.
The fairly constant TB rate in the year leading up to ART availability in a facility (Figure 3 ) suggests that ARTeligible patients were unlikely to have sought care before ART availability. Instead, the rise in TB testing may have been because of greater concern about the disease over time. One explanation for the slow but steady decline in TB rates post-ART is that the reduction in TB risk due to improved immune functioning and more contact with health care outweighed the composite effect of the sicker ARTeligible population accessing health care and any increased TB risk because of the longer lifespan of ART initiators. The declining TB rate among repeat patients (Figure 3 ) slows after ART becomes available, which may reflect the reduced TB mortality among those initiating ART. Our finding of declining TB rates among tested patients is consistent with recently published data from South Africa that show declines in population-level incidence of TB associated with ART expansion but occurring with a time lag. 6 Our results contribute to the debate on the impact that policies targeting HIV/AIDS have on the TB epidemic in South Africa. 11, 18, 28, 29 Other studies have shown that although the introduction of ART is associated with a subsequent reduction in the TB incidence rate among ART initiators, it also increases their lifetime likelihood of contracting TB and the length of TB infection if contracted. 11 One model estimated that the risk of TB transmission in patients on ART is likely to remain high enough that ART alone is insufficient to control TB. 15 The proportion of patients receiving sputum smear testing reaches its peak at the time ART is introduced to the facility and declines thereafter. More effective and more expensive TB diagnostic technology is indicated for HIV+ patients because of the low sensitivity of sputum smear testing, as well as for repeat patients because of their need for drug resistance and confirmatory testing. The unique pattern of the staggered rollout of ART exploited by the methodology lends credibility to the argument that these results are unlikely to be driven by secular technology improvements, such as the introduction of MDRTBplus or GeneXpert MTB/RIF or changes in national TB policy or TB clinic guidelines, but by the ART rollout itself.
The demographic shift in patients seeking TB testing was smaller than anticipated. The fraction of tested patients that is female showed a small but steady increase before ART introduction and then leveled off. Although South African women are more likely to seek routine health care in general, the modest shift in gender proportions may be because of a relative increase in men eligible for ART. 30 The slight increase in the fraction of TB-tested patients between age 31-40 is consistent with the average age of patients who were eligible for ART during the first 4 years of the ART rollout. 31 This may also reflect reduced mortality among ART initiators.
Addressing potential threats to validity. The unique pattern of staggered timing and geographic variation in the ART rollout supports our assumption that the only thing that changed in a facility at its t = 0 is access to ART and that changes in the trends of our outcomes of interest in the months surrounding t = 0 are, therefore, because of ART access. Health facilities were accredited anytime between July 2004 and August 2008 so the data points represented in t = 5 through t = 10 do not capture a single point in time, but rather are averages calculated from facility outcomes at different points between January 2007 through February 2011. The unique pattern of the staggered rollout of ART also minimizes confounding factors due to one-time changes in other programs targeting TB such as DOTS or new technology such as MDRTBplus. To threaten the validity of our results, another program or technology would have to have been introduced in health facilities in a sequence highly correlated with the staggered pattern of the ART rollout for a substantial portion of the 429 health facilities that were accredited to provide ART during this period.
Limitations. Though we are able to address most potential confounders using the richness of the NHLS data and the quasi-random staggered pattern in the ART rollout, our analysis has a few limitations. The NHLS does not have information on the HIV status or ART enrollment status of all patients tested for TB, so we cannot separate the direct effect of the ART rollout on ART enrollees from the indirect effect on the rest of the population. The rate of under-detection of TB in HIV-positive patients is likely to have fallen in the post-ART period, due to the shift away from sputum smear testing and toward more sensitive TB tests such as culture, especially for ART-eligible patients. 32 Because our data do not have full coverage of KwaZulu-Natal, which has the highest HIV/AIDS burden, our estimates likely underestimate the magnitude of the national effect of the ART rollout. The unique methodology we use to address confounders is only valid during the early years of the rollout when the ART accreditation process was required. We cannot, therefore, address confounding for estimates of the impact of ART on TB outcomes beyond 2011.
CONCLUSION
Our results demonstrate that the national rollout of ART in South Africa was accompanied by an increase in the demand for TB testing, both from new and repeat (follow-up) patients. Our evidence suggests that within 2.5 years, ART most likely reduced TB rates among those tested, despite the fact that post-ART a greater proportion of the tested population would have been late-stage AIDS patients who were at greater risk for TB.
Neither the magnitude of positive spillovers from the 2004-2008 ART rollout to TB rates we show here nor the continued decline in TB incidence relative to increases in ART coverage between 2008 and 2012 modeled by Nanoo et al. 6 appear to be large enough to control TB alone. However, the early initiation of ART for patients regardless of CD4 count is likely to improve TB control, especially if there are preventative effects of early ART on TB, which would produce a larger impact on TB rates than during the period of study.
Both HIV/AIDS and TB face similar challenges of ensuring prompt diagnosis, enrolling patients on appropriate treatment, and monitoring for side effects and drug resistance over the long-term. Closer HIV/TB integration is needed to increase demand for TB testing by HIV/AIDS patients and vice versa (such as making follow-up testing for both diseases at once more convenient) and retain patients in care for both diseases. Better integration is also required to design complementary HIV/AIDS and TB policies so as to improve the effectiveness of controlling both diseases with limited resources. HIV/TB integration saves lives. When integrated HIV/TB management and policy design capitalizes on spillovers within the system, it maximizes program impact to prevent TB and reduce mortality from both diseases.
